A test particle description of the runaway dynamics is used to analyze some of the main mechanisms limiting the runaway energy in a tokamak plasma. It is found that the synchrotron radiation losses associated with the electron gyromotion around the magnetic field lines can explain the energy limit of runaway electrons found experimentally by observing their bremsstrahlung spectra during the current ramp-up of low density Ohmic discharges in the Joint European Torus ͑JET͒ ͓Nucl. Fusion 25, 1011 ͑1985͔͒. The model is applied to the problem of determining the influence of a resonance between the electron gyromotion and the magnetic field ripple of the tokamak on the radiation loss and energy limits of runaway electrons. The equilibrium energy at the resonance and the conditions under which the ripple mechanism can create an upper bound on the runaway energy are investigated. Predictions are discussed on the effect of the ripple resonance on the maximum energy attainable by disruption generated runaway electrons in JET and the projected International Thermonuclear Experimental Reactor ͑ITER͒ ͓ITER EDA Agreement and Protocol 2, International Atomic Energy Agency, Vienna, 1994͔.
I. INTRODUCTION
Runaway electrons represent a major threat in tokamak machines due to the damage produced when they hit the vessel structures. The problem is particularly important during disruptions, when a great fraction of the plasma magnetic energy can be transferred to these energetic electrons. The issue will be even more relevant for next step-machines ͓such as the proposed International Thermonuclear Experimental Reactor ͑ITER͒ 1 ͔ where larger amounts of runaway electrons than those found in present machines are expected during fast plasma terminations. 2 For this reason, experimental and theoretical studies are being carried out in order to determine the conditions that can provide a reduction of the effect of runaway electrons during disruptions. Massive injection of low Z materials 3 and enhanced magnetic fluctuations 4 are being investigated as possible candidates suitable for runaway electron mitigation at a disruption.
The knowledge of the energy that can be reached by runaway electrons in a tokamak plasma constitutes an essential tool to estimate the effect of these electrons when they impinge on the vessel walls or plasma facing components. In the present work we focus on the problem of determining the maximum energy attainable by runaway electrons in various plasma conditions and, in particular, during disruptions. The dynamics of the runaway electrons is analyzed using a test particle description that includes electric field acceleration, collisions with the plasma particles, deceleration due to synchrotron radiation losses and a resonance between the electron gyromotion and the magnetic field ripple of the tokamak. In a previous work, 5 the same approach, but without inclusion of the ripple resonance effect, was used to analyze the momentum-space structure of relativistic runaway electrons. It was found ͑see Sec. II͒ that a limit is established on the maximum energy that a runaway electron can reach due to the synchrotron radiation losses associated, in the case of low electric field values, to the runaway gyromotion and, at high values of the electric field, to the electron motion on toroidal paths.
An additional barrier to the increase in the runaway energy can appear due to a resonance between the electron gyromotion and the harmonics of the toroidal field ripple, which increases the energy perpendicular to the magnetic field and therefore the power radiated by the electron. 6 Experimental evidence for efficient runaway-ripple interaction has been reported in several devices, [6] [7] [8] and it has been predicted that a resonance between the electron gyrofrequency and the fundamental ripple frequency could create an upper bound on the runaway energy during a plasma disruption in large tokamaks like the Joint European Torus ͑JET͒ 9 or ITER. In Sec. III the test electron relaxation equations are extended to include in the runaway dynamics the effect of the interaction with the magnetic field ripple of the tokamak. The analysis allows the calculation of the conditions under which the ripple mechanism can efficiently block the electron energy.
In Sec. IV the results of the model are compared with some published experimental observations on runaway elec-trons during the ramp-up phase and the current flat-top of low density Ohmic discharges in JET and the Toroidal Experiment for Technically Oriented Research ͑TEXTOR͒, 8 while in Sec. V predictions are made on the energy that can be achieved by runaway electrons generated during a disruption in JET and the planned ITER design, with particular emphasis on the role played by the ripple mechanism in determining the runaway energy. The conclusions are summarized in Sec. VI.
II. SYNCHROTRON RADIATION LIMIT
To assess the effect of the radiation losses on the electron energy, the dynamics of the runaway electrons is analyzed using the test particle equations, written in normalized form:
where q ʈ , q Ќ and q are the parallel, perpendicular ͑to the magnetic field͒ and total electron momenta normalized to m e c, ␥ is the relativistic gamma factor, ␥ϭ(1ϩq 2 ) 1/2 , and v is the electron velocity, v/cϭ(␥ 2 Ϫ1) 2 , F gy ϭ2 0 B 0 2 /3n e ln ⌳m e (R 0 is the plasma major radius and B 0 is the toroidal magnetic field͒; e is the absolute value of the electron charge, m e is the electron mass, E ʈ is the toroidal electric field, Z e f f is the effective ion charge and ln ⌳ is the Coulomb logarithm.
The first term in Eqs. ͑1͒ and ͑2͒ gives the acceleration due to the toroidal electric field, and the second term includes the effect of the collisions with the plasma particles. The third term describes the effect of the synchrotron radiation losses ͑see Ref. 5 for details͒.
From ͑1͒ and ͑2͒ we get
͑3͒
In Ref. 5 it was shown that the system of equations ͑1͒ and ͑3͒ is characterized in (q ʈ ,q Ќ 2 ) space by the presence of two singular points ͑a saddle point and a stable focus͒, and that an estimate of the limiting energy ␥ S ͓we will often refer to ␥ as the electron energy given the straightforward relation, Eϭ(␥Ϫ1)m e c 2 ͔ for the runaway electrons due to the radiation losses is given by the electron energy at the stable point. This energy ␥ S can be obtained from Eqs. ͑1͒ and ͑3͒ setting q ʈ ϭ0 and q Ќ ϭ0. An explicit expression for ␥ S , valid for a wide range of electric field values, can be derived under the assumptions ␥ S 2 ӷ1 and ␥ S ӷ␣/2D, yielding
where
, and aϵ␣F gy /DF gc ,bϵ(DϪ1)/F gc . It was shown in Ref. 5 that, depending on the magnitude of the electric field, two regimes of ␥ S can be considered. For low electric field values, the runaway energy limit is dominated by the radiation associated to the electron gyromotion and the relation ͑4͒ can be simplified to
valid if ␣F gy ␥ S /DӷF gc ␥ S 4 . For high electric fields, the electron pitch angle is close to zero, so that the radiation is dominated by the electron motion on toroidal paths and ͑4͒ can be approximated by
relation valid when ␣F gy ␥ S /DӶF gc ␥ S 4 . The first regime ͑low electric field͒ can be found during the ramp-up phase and the current plateau of tokamak discharges. The second regime ͑high electric field͒ is typically found during plasma disruptions.
III. RIPPLE RESONANCE

A. Single particle equations
Runaway electrons accelerated by the electric field can experience a resonant interaction between their relativistic down-shifted cyclotron frequency ce and the magnetic field ripple due to the finite number N c of toroidal field coils. A resonance should occur when
(k ʈ n ϭnN c /R is the toroidal component of the wave vector associated with the nth toroidal harmonic of the magnetic field ripple͒. Thus, the resonant interaction between the electron gyromotion and the nth toroidal harmonic will take place at an electron parallel momentum,
The interaction between the nth harmonic of the toroidal field ripple and the electron motion gives rise to a pitch angle scattering process. This scattering process, due to the collisions of the runaways with the plasma particles ͑which change the electron gyrophase randomly͒, impose a random walk on the gyromomentum that, following Ref. 7, can be described by a momentum diffusion coefficient:
where ␦B n is the amplitude of the nth harmonic, and ⌬p ʈ ϭ(␦B n p ʈ p Ќ /B 0 ) 1/2 is the resonance width. Since the kinetic electron energy is not directly affected by the interaction with a magnetic field, the energy equation ͑2͒ will remain unchanged and the normalized test relaxation equations describing the ripple interaction will take the form
, if ͉q ʈ Ϫq ʈ n ͉Ͻ⌬q ʈ , 0, otherwise,
͑13͒
and q ʈ n ϭp ʈ n /m e c, ⌬q ʈ ϭ(␦B n q ʈ q Ќ /B 0 ) 1/2 . Note that, as it is shown in Eqs. ͑11͒ and ͑12͒, the interaction with the ripple resonance essentially gives rise to a transfer of parallel momentum into perpendicular momentum. This increase in the perpendicular electron energy leads to an enhancement of the radiation losses so that a barrier to a further increase of the electron energy can be established. The trajectory in (q ʈ ,q Ќ 2 ) space of a test electron for which an efficient ripple interaction takes place at the nϭ2 harmonic of the magnetic ripple (␦B n /B 0 ϭ10 Ϫ6 ) is illustrated in Fig. 1͑a͒ : initially, the electron follows the usual trajectory ͑without ripple͒ in momentum but when q ʈ ϭq ʈ n , the particle experiences a strong pitch angle scattering leading to large values of q Ќ and enhanced synchrotron losses which compensate the energy gain in the electric field. The electron energy vs time is plotted in Fig. 1͑b͒ , showing the energy blocking due to the resonant interaction. The nature of the equilibrium state reached by the runaway electron in momentum space will be discussed in detail in Sec. III B.
If the toroidal electric field is large enough, the radiation losses associated with the increased pitch angle will not be efficient to block the electron energy and the particle will cross the resonance ͑Fig. 2͒. The minimum electric field needed to cross the ripple resonance for given plasma conditions and ripple amplitude will be the subject of a detailed discussion in Sec. III C.
B. Equilibrium energy
Let us consider the dynamics of a runaway electron when it experiences a cyclotron resonance with the nth harmonic of the toroidal field ripple. As it was explained before, when a runaway electron accelerated by the toroidal electric field satisfies the condition ͑9͒, a strong diffusion in momentum-space takes place which converts its parallel energy into perpendicular energy. An equilibrium will be reached by the particle at the resonance (q ʈ ϭq ʈ n ) at a certain point P n in momentum space when q ϭ0. However, in contrast to the synchrotron radiation limit considered in Sec. II, in which a static equilibrium is achieved (q ʈ ϭq Ќ ϭq ϭ0) in momentum space, the new equilibrium state is dynamical: q ϭ0 but q ʈ Ͻ0 so that the particle is thrown out the resonance; then, as soon the runaway electron is outside the resonant region, the electric field will push it again into the interaction zone and the process will start again, resulting in an accumulation of the particle near the equilibrium point P n ͑see Fig. 1 , for example͒ where q ϭ0. P n indicates the equilibrium point at the resonance. The normalized electric field is Dϭ21.8, ␣ϭ4, F gy ϭ0.65 and F gc ϭ2.33ϫ10 Ϫ8 ; ͑b͒ energy versus time for the electron shown in ͑a͒: the electron energy is blocked at the resonance (␥ϭ␥ n Ӎ82.5).
An analytical relation between the equilibrium point P n and the normalized electric field can be obtained considering that, at this point, q ϭ0 and so, from ͑2͒:
͑14͒
In this relation, ␥ n is the relativistic gamma factor at P n and n is the pitch angle which, from ͑9͒, can be written as
where q n ϭ(␥ n 2 Ϫ1) 1/2 and q ʈ n ϭeB 0 R 0 /(nN c m e c).
Thus, for any plasma conditions, the equilibrium energy ␥ n at the ripple resonance can be obtained using Eqs. ͑14͒ and ͑15͒. Figure 3 shows a comparison between the equilibrium energy ␥ n for a nϭ2 (␦B n /B 0 ϭ10 Ϫ6 ) toroidal harmonic and the synchrotron radiation limit ␥ S calculated without including the ripple resonance as a function of the normalized electric field D; in the figure it is also indicated the range of electric field values (D low ,D up ) for which the interaction with the resonance efficiently blocks the runaway energy ͑see Sec. III C for a detailed explanation͒. It must be noted that, in this example, as the electric field values are not very high, cos n is close to one and, taking into account that ␥ n 2 ӷ1 (q n Ӎ␥ n ), then ␥ n Ӎq ʈ n /cos n Ӎq ʈ n ; when the electric field increases, the interaction with the resonance ͑and therefore the pitch angle scattering͒ also increases, so that, at the equilibrium, cos n Ͻ1 and ␥ n Ӎq ʈ n /cos n Ͼq ʈ n ͑see, for example, Fig. 4͒ . The relation ͑14͒ between ␥ n and D can be written in a simpler form using again that ␥ n 2 ӷ1 and cos n Ӎq ʈ n /␥ n , so
Furthermore, it is possible to obtain an explicit expression for ␥ n under the assumption that the radiation losses at the resonant region are dominated by the electron gyromotion ͓F gy (␥ n 2 Ϫq ʈ n 2 )ӷF gc ␥ n 4 ͔. Thus, neglecting the term in
Trajectory in momentum-space for a test electron interacting with the nϭ2 ripple resonance ͑a͒ for the same ripple amplitude and plasma parameters as in Fig. 1 , but a larger electric field (Dϭ87.2). The electric field is so large that the particle crosses the resonance, eventually reaching the synchrotron radiation limit, ␥Ӎ240 ͑b͒.
FIG. 3.
Runaway energy limit for a nϭ2 ripple resonance (␦B n /B 0 ϭ10 Ϫ6 ) and plasma parameters as in previous figures. The energy limit calculated without including the ripple resonance is also shown.
FIG. 4. A comparison between the equilibrium energy
Ϫ2 ) calculated assuming ⌬q ʈ ϭ0 and taking into account the finite width of the resonance (⌬q ʈ 0), versus the normalized electric field. Dimensionless parameters are ␣ϭ4, F gy ϭ0.65 and F gc ϭ2.33ϫ10 Ϫ8 .
This relation constitutes an algebraic cubic equation,
and Q n ϭϪa n /3, R n ϭb n /2. On the other hand, the above relations have been obtained assuming that cos n ϭq ʈ n /q n ͓Eq. ͑15͔͒, i.e., that the runaway-ripple interaction takes place at the ͑normalized͒ electron parallel momentum q ʈ n . However, due to the finite resonance width,
ripple resonance effects are not restricted to q ʈ ϭq ʈ n but electrons with ͉q ʈ Ϫq ʈ n ͉Ͻ⌬q ʈ will also be exposed to the resonant interaction. In this case, the equilibrium is given again by the condition q ϭ0 ͓Eq. ͑14͔͒, but the pitch angle n is now determined by the lower bound of the resonant region, q ʈ ␦B ϭq ʈ n Ϫ⌬q ʈ :
where the relation ͑20͒ for ⌬q ʈ has been used with q ʈ ϭq n cos n and q Ќ ϭq n sin n . Therefore, the equilibrium energy ␥ n , taking into account finite resonance width effects, must be evaluated using Eqs. ͑14͒ and ͑21͒: from ͑21͒ it is easy to conclude that these effects will be larger at high ripple amplitude values. A comparison between the equilibrium energy calculated taking into account the ripple resonance width ͑20͒ and the one obtained assuming that the runaway-ripple interaction takes place at q ʈ ϭq ʈ n (⌬q ʈ ϭ0) is shown in Fig. 4 as a function of the normalized electric field D for a ripple resonance nϭ2 and ␦B n /B 0 ϭ10 Ϫ2 : the larger differences are found at high values of D as the interaction between the electron gyromotion and the ripple of the magnetic field is then stronger, therefore leading to higher q Ќ and, according to ͑21͒, to bigger deviations of q ʈ from q ʈ n . Nevertheless, except at very large electric field values ͑see Fig. 4͒ , the assumption ⌬q ʈ ϭ0 usually constitutes a good approach to estimate the equilibrium energy.
C. Conditions for efficient ripple interaction
In this section we will investigate the conditions under which the interaction of a runaway electron with the nth harmonic of the toroidal field ripple can set a limit on the maximum energy that the electron can reach. It is found that, for given plasma parameters and ripple amplitude ␦B n , there is a range of electric field values (D low ,D up ) for which the ripple resonance mechanism can create an upper bound on the runaway energy: ͑1͒ if DϽD low (D low : lower electric field for efficient ripple interaction͒, the runaway electrons reach the synchrotron radiation limit ␥ S before there is any interaction with the toroidal harmonic; ͑2͒ if DϾD up (D up : upper electric field for efficient ripple interaction͒, the electric field is large enough to cross the ripple resonance before the equilibrium energy ␥ n is achieved.
Lower electric field D low
As it has been previously explained, the first condition for an efficient interaction with the nth harmonic of the magnetic field ripple arises from the requirement that the electron experiences the cyclotron resonance (q ʈ ϭq ʈ n ) before the radiation limit is reached: q ʈ n рq ʈ S , where q ʈ S is the ͑normal-ized͒ electron parallel momentum at the synchrotron radiation limit. This requirement sets a minimum electric field D low for which the resonant interaction takes place: the electric field for which q ʈ S ϭq ʈ n .
In all cases of interest ␥ S 2 ӷ1 and ␥ S ӷ␣/2D so that cos S Ӎ1 ͑see the Appendix in Ref.
Ϫ1)
1/2 cos S Ӎ␥ S and the previous condition can be rewritten: ␥ S Ӎq ʈ n . Then, it can be shown ͑Appendix A͒ that D low is given by
The electric field D low is indicated in the example shown in Fig. 3 . Note that D low is given approximately by the intersection of the two energy limit curves ␥ n (D) and ␥ S (D) ͑with and without ripple͒ as, if D is not large, ␥ n Ӎq ʈ n and so the condition ␥ S Ӎq ʈ n will be equivalent to ␥ S Ӎ␥ n . Figure 5 shows D low calculated using ͑22͒ for different values of the toroidal harmonic number n and for the same plasma parameters as Fig. 3 .
Upper electric field D up
Once the condition DϾD low is satisfied the runaway electron will interact with the nth harmonic of the magnetic field ripple. However, this condition does not guarantee an effective blocking of the runaway energy at the resonance: as it is illustrated in the example shown in Fig. 2͑a͒ , if the electric field is large enough, the particle will cross the resonant region, eventually reaching the synchrotron radiation limit ␥ S . We will call D up the minimum ͑normalized͒ electric field required to overcome the ripple harmonic.
As it was explained in Sec. III A, a runaway electron experiences a strong pitch angle scattering at the resonant region which increases its momentum perpendicular to the magnetic field: the electron will cross the resonance if, during the pitch angle scattering process, the condition q ʈ Ͼ0 is found before the equilibrium state (q ϭ 0͒ is attained. Essentially, this means that the characteristic time for crossing the ripple resonance under the electric field acceleration must be less than the characteristic time to reach the equilibrium energy ␥ n .
Figures 6͑a͒ and 6͑b͒ show the equilibrium energy ␥ n vs D together with the energy ␥ ʈ for which q ʈ ϭ0 at a nϭ2 resonance and for ripple amplitudes ␦B n /B 0 ϭ10 Ϫ6 , ␦B n /B 0 ϭ10 Ϫ2 , respectively: if, at a given value of D, ␥ ʈ Ͻ␥ n the condition q ʈ Ͼ0 will be achieved before q ϭ0 and the particle will cross the resonance. Therefore, D up will correspond to the minimum value of D for which ␥ ʈ р␥ n . Two different situations can be found according to the magnitude of the ripple strength ␦B n which are illustrated in In Fig. 7͑a͒ , the electric field D up calculated according to this criterion is plotted vs the ripple strength ␦B n /B 0 (n ϭ2); the results of the calculations for ⌬q ʈ 0 and ⌬q ʈ ϭ0 are compared showing that, as in the case of the equilibrium energy, resonance width effects will be only noticeable for large enough ripple amplitudes (␦B n /B 0 Ͼ10 Ϫ3 ). The dependence of D up on the harmonic number n (␦B n /B 0 ϭ10 Ϫ6 ) is illustrated in Fig. 7͑b͒ , indicating that the strongest interaction takes place at the lowest harmonic numbers.
Analytical expressions for the behavior of D up in the limit of low and high ripple amplitudes can be obtained under the assumption that ⌬q ʈ ϭ0:
͑i͒ At low ripple amplitudes, as it was explained above, D up is determined by the minimum of D vs ␥ ʈ . Thus, taking into account that, at low ␦B n ,␥ ʈ should be close to q ʈ n , it is found that FIG. 6. Equilibrium energy ␥ n (q ϭ0) and energy ␥ ʈ (q ʈ ϭ0) plotted versus the normalized electric field: ͑a͒ for a low ripple amplitude (␦B n /B 0 ϭ10 Ϫ6 ); ͑b͒ for a high ripple amplitude (␦B n /B 0 ϭ10 Ϫ2 . ͑24͒
In the example illustrated in Fig. 7͑a͒ 
IV. RUNAWAYS DURING CURRENT RAMP-UP AND FLAT-TOP PHASE
The low electric field regime considered in Sec. II can be found during the ramp-up phase and the current flat-top of tokamak discharges. An example of this regime is illustrated in Fig. 8 , which shows measurements of the perpendicular x-ray bremsstrahlung radiation emitted by runaway electrons generated during the start up phase of JET low density Ohmic discharges. 10 The parameters of the discharge were the following: major radius R 0 ϭ3 m, minor radius aϭ1 m, toroidal magnetic field B 0 ϭ2.75 T, plasma current I p ϭ1 Ϫ1.6 MA and central electron density n e ϭ0.5Ϫ1.5 ϫ10 19 m Ϫ3 . In Fig. 8͑a͒ , a typical time trace of the line integrated x-ray emission is shown from the JET FEB ͑Fast Electron Bremsstrahlung monitor 11 ͒ central vertical detector ͑energy window ϭ 133-200 keV͒. The signal starts at t ϳ0.2 s after the beginning of the discharge; it increases due to runaway generation up to a maximum at t peak ϳ1.2 s and, once the runaway production stops, since the runaway electrons are lost by radial diffusion, 10 later on the FEB signal decays to almost level zero. The local x-ray emissivity profile at t peak ͓Fig. 8͑b͔͒, obtained from the FEB line integrated data, suggest that most of the runaway electrons are produced in the inner half of the plasma (r/aϽ0.5). It is expected that, after being generated during the initial phase of the current ramp-up (ϳ up to time t peak ), at later times the runaways do not populate a plateau between the critical energy and the maximum energy but tend to accumulate into a monoenergetic beam with an energy equal to the limiting runaway energy.
An additional diagnostic, a ␥-ray spectrometer with a vertical central line of sight, provides a measurement of the bremsstrahlung spectrum above 200 keV. Figure 9 shows the spectra measured at t peak and tϭ4 s for the discharge illustrated in Fig. 8 . The spectrum at 4 s is compared with the calculated spectra for monoenergetic electrons with energies 2, 2.5 and 3 MeV, respectively, indicating a runaway energy of 2.5Ϯ0.5 MeV. However, from a free-fall model, taking into account that E ʈ ϳ0.02Ϫ0.04 V/m in the plasma center ͑normalized electric field Dϭ2.5Ϫ5), 10 an energy of 18-36 MeV would be expected at 4 s. In Ref. 10, a radial diffusion coefficient D r ϳ0.2 m 2 /s was inferred for the runaway electrons in the plasma core, so that we can estimate a confinement time D ϳa 2 /5.8D r ϳ0.9 s. This would reduce the previous estimates for the runaway energy to 5.5-11 MeV, still much larger than the observed ϳ2.5 MeV. On the other hand, the synchrotron radiation associated to electrons with zero pitch angle would yield an energy limit of 55-68 MeV.
The reason for the discrepancy between the measured and the expected electron energy can be searched for in the gyromotion of runaways having a finite pitch angle. This effect can lead to an important lowering in the runaway energy. In fact, the conditions in the plasma center (r/a Ͻ0.5), where most of the runaway electrons are generated, satisfy the requirements for the energy limit to be dominated by the radiation due to the electron gyromotion and, therefore, given by ͑6͒. In Fig. 10 , the energy limit E S ϭ(␥ S Ϫ1)m e c 2 , calculated using ͑6͒, is shown for r/aϭ0.5. The variation with time in E S is due to the change in the plasma parameters during the current ramp-up. Note that, initially, the runaway energy will be much smaller than E S as there has not been enough time for the electrons to reach this energy. However, after t peak , the energy limit decreases rap- idly and the electron energy will be limited by E S ; at t ϳ4 s, E S ϳ2.5 MeV, in agreement with the experimental observations from the ␥-ray spectrometer. Thus, the synchrotron losses resulting from the finite electron pitch angle due to the collisions with the plasma particles can explain the runaway energy deduced from the measured bremsstrahlung spectra.
A second example comes from TEXTOR, where direct insight into the behavior of relativistic runaway electrons is provided by the investigation of synchrotron radiation. The measurements in TEXTOR (R 0 ϭ1.75 m, aϭ0.46 m, B 0 ϭ2.25 T, I p ϭ350 kA) are performed in low density ͓n e (0) ϭ1ϫ10 19 m Ϫ3 ͔ Ohmic discharges where a detectable number of runaway electrons are observed with an infrared camera. 8 The main features of the observations of synchrotron radiation are the following: ͑1͒ the pitch angle deduced from the extent of the synchrotron spot is ϭ0.12 Ϯ0.02 rad; ͑2͒ the runaway energy, as deduced from spectral measurements, reaches values of 25-30 MeV. These observations have been analyzed using the test particle description of the runaway dynamics introduced in Sec. II. However, the results are not conclusive, as they are too sensitive to the uncertainties in the toroidal electric field E ʈ . To calculate E ʈ in the plasma center, we have used E ʈ ϭ j 0 , where is the plasma resistivity and j 0 is the central current density, estimated as j 0 ϳ2B 0 /q 0 0 R 0 (q 0 is the safety factor at the plasma center͒. To obtain the plasma resistivity, the electron temperature, T e (0), and the effective ion charge Z e f f are used as input quantities which, for TEXTOR discharges, 8 are given by T e (0)ϭ1Ϫ1.5 keV and Z e f f ϭ1.5Ϫ2. Thus, for T e (0)ϭ1 keV (Dϭ5Ϫ6), we are in the low electric field regime and using ͑6͒ we get E S ϭ20Ϫ28 MeV, S ϭ0.09 Ϫ0.11 rad (sin 2 S Ӎ␣/D␥ S 5 ͒, consistent with the experimental observations, while for T e (0)ϭ1.5 keV (Dϭ9Ϫ11), the relations ͑4͒ and ͑5͒ must be used yielding E S ϭ48 Ϫ55 MeV and S ϭ0.05Ϫ0.07 rad. A resonant interaction between the magnetic field ripple and the cyclotron motion of the runaway electrons can not be discarded 8 to explain these results.
V. DISRUPTION GENERATED RUNAWAY ELECTRONS
In this section, we will carry out an analysis of the main mechanisms limiting the maximum energy that can be achieved by runaway electrons during a plasma disruption. Particular attention will be paid to the question of whether a resonance between the electron gyromotion and the harmonics of the toroidal field ripple can create an energy barrier during a disruptive discharge-termination.
For an evaluation of the maximum energy attainable by a runaway electron in a tokamak disruption, it will be sufficient to use an estimate of the average toroidal electric field during the current decay. Thus, a simple constant voltage disruption runaway model 12 has been used which can be described as follows: a disruption occurs in which there is a rapid cooling of the plasma. During this period there is a redistribution of the plasma current, which usually flattens the profile leading to an increase in current ͑typically ϳ15% of the pre-disruption current͒ and a short lived negative voltage spike. 13 A current quench follows, in which it will be assumed that the current decays linearly from its initial value I 0 to the plateau value I r , when all the current is carried by runaway electrons, in a time d which is used as an input variable. The average loop voltage V l during the current quench is then calculated from the plasma inductance and the current decay rate. The value of the toroidal electric field is taken to be V l /2R 0 :
where L is the plasma inductance.
FIG. 9.
Bremsstrahlung spectra measured by a ␥-ray spectrometer at times t peak ϳ1 s and tϭ4 s for the discharge shown in Fig. 8 . The spectrum at 4 s is compared with the calculated spectra for monoenergetic electrons with energies 2, 2.5 and 3 MeV, respectively.
FIG. 10. Synchrotron radiation limit E S versus time for the discharge considered in Fig. 8 .
The runaway electrons generated during the decay of the current will be accelerated under the influence of the electric field until one of the following limits is reached:
͑a͒ the synchrotron radiation limit ͑Sec. II͒ due the power radiated by the electron when moving on the curved paths of the tokamak; ͑b͒ the ripple-resonance limit ͑Sec. III͒ due to the resonant interaction between the electron gyromotion and the harmonics of the toroidal field ripple. The ripple strength should be large enough to make sure an efficient runawayripple interaction ͓the electric field during the disruption should be less than the minimum electric D up required to cross the resonance ͑Sec. III C͔͒;
͑c͒ the orbital shift limit: as the electron energy increases, its orbit drifts outward to a larger major radius. The drift orbit of a runaway electron generated at an initial radius r, measured from the magnetic axis, will be shifted to the low magnetic field side of the flux surface until it intersects a physical barrier ͑a limiter or first wall͒ at a radius r l . A simple estimate ͑assuming a flat current profile͒ of the energy ␥ for which this occurs is given 14 by
.
͑26͒
In addition to these limits on the energy of the runaway electrons, there are loss mechanisms which can deplete the population of runaways, such as turbulent diffusion processes, 15 having an influence on the limiting electron energy. These losses, and their effect on the runaway energy, are usually difficult to quantify. Their influence on the electron energy will be neglected compared to the other limits previously described.
We will start analyzing the values of ␦B n /B 0 required for an efficient blocking of the runaway energy due to the ripple resonance during a disruption. For this purpose, we will assume the runaway to be generated at the lowest energy (␥ϭ2) at the beginning of the current decay and evolve in time following Eqs. ͑11͒ and ͑12͒: the toroidal electric field will be given by ͑25͒ and the plasma parameters will be assumed to remain stationary during the current decay. Figure 11 shows the runaway energy vs the ripple strength calculated for a 4.5 MA JET disruption (R 0 ϭ3 m, aϭ1 m,
2 in which 2 MA runaway current has been measured. The calculations are shown for nϭ1 ͓Fig. 11͑a͔͒ and nϭ2 ͓Fig. 11͑b͔͒ toroidal harmonics: at low values of ␦B n /B 0 , the electric field is large enough to cross the resonance and the electron energy is approximately equal to the energy gain in the electric field,
When the ripple amplitude increases, the electric field required to overcome the resonance may be larger than E ʈ and the particle will be stopped at the resonant energy. The minimum ripple amplitude ␦B up for which this occurs can be estimated using the criteria given in Sec. III C: thus, for the example illustrated in Fig. 11 , we get ␦B up /B 0 ϳ7ϫ10
Ϫ5
for nϭ1 and ␦B up /B 0 ϳ10 Ϫ4 for nϭ2, in agreement with the numerical results shown in the figure.
The minimum ripple strength ␦B up predicted to block the runaway energy increase for JET disruptions with a rapid current decay ( d ϳ15 ms) and the formation of a typical runaway current plateau in JET of ϳ40% of the predisruption plasma current is plotted in Fig. 12 vs the predisruption current for nϭ1Ϫ3: values of ␦B up /B 0 of ϳ10 Ϫ4 for nϭ1, 2ϫ10 Ϫ4 for nϭ2 and 2.5ϫ10 Ϫ4 for n ϭ3 are observed to be sufficient to create an upper bound on the runaway energy, even at the largest currents preceding the disruption. Projections for fast current decays in ITER ( d ϳ50 ms) 3 are also shown in the figure. The following parameters have been assumed in performing the calculations: R 0 ϭ8.14 m, aϭ2.80 m, B 0 ϭ5.68 T, N c ϭ20, Z e f f ϭ3, n e ϭ10 20 m Ϫ3 , T e ϭ5 eV, LӍ12 H; a runaway current plateau of 40% of the pre-disruption plasma current has also been assumed. The calculated values of ␦B up /B 0 ͓ϳ(0.8
Ϫ3.5)ϫ10
Ϫ5 for nϭ1Ϫ3, respectively͔ are found to be lower than those predicted for JET.
To assess the general potentiality of the ripple mechanism in a given machine we need to evaluate the magnetic field ripple amplitude. A simple description of the ripple, 6 derived by modeling the coils by infinite straight-line conductors, will be used. This yields a satisfactory estimate of FIG. 11 . Runaway electron energy versus normalized ripple amplitude for a 4.5 MA disruption in JET with 2 MA of runaway current, calculated for n ϭ1 ͑a͒ and nϭ2 ͑b͒. Plasma parameters during the current decay: Z e f f ϭ3, n e ϭ10 20 m Ϫ3 , T e ϭ5 eV.
the toroidal harmonics ⌬B n in the equatorial plane,
(b is the coil radius͒. A good approximation to model the tokamak ripple, taking into account the poloidal variation of the ripple amplitude, can be obtained considering only the first poloidal harmonic:
where p is the poloidal angle. Equation ͑29͒ shows that the ripple strength along the runaway trajectory has a significant poloidal variation, being larger in the outboard side than in the inboard side. Thus, the average ripple amplitude seen by the runaway electron will be mainly determined by the outboard side, and the effective harmonic experienced by the electron may be approximated by
ͪͬ . ͑30͒ Figure 13 shows ␦B n (r), calculated using ͑30͒, as a function of the normalized plasma minor radius r/a for JET and ITER, and nϭ1Ϫ3. A comparison with the predicted values of ␦B up ͑Fig. 12͒ indicates that, in JET, only the n ϭ1 resonance will play a role in limiting the electron energy while, for ITER, both the nϭ1 and nϭ2 resonance will be effective ͑nevertheless, the resonant energy for nϭ1, E n у710 MeV, is so large that only the nϭ2 harmonic may have a noticeable effect͒. Figure 14 shows a comparison between the energy limit calculated with and without including the ripple mechanism (nϭ1) in the JET tokamak for three different radial locations as a function of the plasma current preceding the disruption. The outward drift of the runaway orbit, d r Ӎ␥m e qv ʈ /eB 0 (q is the safety factor͒, has been taken into account in the calculations. This has two main consequences: in the first place, the electron tends to explore zones on the low field side ͑where the ripple is larger͒ and so the effective harmonic experienced by the fast particle can be approximated by ⌬B n (rϩd r )/2; 6 on the other hand, the orbital shift limit ͓Eq. ͑26͔͒ must be considered. The results shown in Fig. 14 indicate that, at each radius, there is a range of plasma current values for which the ripple becomes effective: at low current, the energy gained by the electron in the electric field is less than the resonant energy; at high current, the electric field is large enough to cross the resonance. The plasma current range for which the resonant interaction blocks the runaway energy is plotted in Fig. 15 vs the normalized plasma minor radius r/a. A runaway current of 40% of the pre-disruption plasma current is assumed in the calculations. From this figure, it is easy to identify, for a given plasma current, the plasma region for which the runaway energy limit is dominated by the nϭ1 resonance. Thus, for a 4.5 MA disruption, like the one considered in Fig. 11 , this region would correspond to r/aϳ0.3Ϫ0.8. This is better illustrated in Fig. 16 , where the maximum electron energy for a JET 4.5 MA disruption is plotted vs the minor radius: the ripple mechanism dominates for r/aϳ0.3Ϫ0.8, while for r/aϽ0.3 the ripple amplitude is small so that the particle crosses the resonance and the final electron energy may be approximated by the energy gained in the electric field; for r/aϾ0.8 the orbital shift limit determines the limiting runaway energy.
Predictions for the ITER tokamak are presented in Figs. 17 and 18. In this case, the calculations have been made for nϭ2 (E n Ӎ350 MeV), which, as it has been explained pre- viously, corresponds to the ripple harmonic for which the most important effects on the runaway energy are expected. In Fig. 17 , the pre-disruption plasma current values for which an efficient ripple interaction take place are shown vs the plasma minor radius; the results obtained assuming a runaway current of 40% and 60% of the current preceding the disruption, respectively, are plotted together for comparison. Note that, when the runaway production increases ͑larger runaway currents͒, the average electric field during the disruption decreases; therefore, the energy gain in the electric field diminishes and the efficiency of the runawayripple interaction will improve. This is the reason why, in Fig. 17 , the effect of the ripple resonance at a given plasma radius extends to larger values of the plasma current when the runaway current equals to the 60% of the pre-disruption plasma current. In Fig. 18 , the maximum expected electron energy is plotted as a function of r/a for a disruption at 21 MA assuming 40% of runaway current: according to these results, the nϭ2 ripple resonance will limit the energy attainable by the electrons in the plasma region r/aϳ0.6 Ϫ0.9.
It should be noted that the interaction with the magnetic field ripple of the tokamak can lead to large values of the pitch angle so that there is the possibility that the electron can be trapped in a magnetic well before the equilibrium at the resonance is achieved. The condition for trapping is Ͼ t , where sin t ϭ͓(R 0 Ϫr)/(R 0 ϩr)͔ 1/2 , and r is the plasma minor radius. At a given radial location, and for given plasma parameters, the particle will be trapped if the value of the pitch angle n at the resonant equilibrium is larger than t . Hence, we can set a minimum electric field for which the electron will be trapped in a magnetic field well as the elec- tric field for which n ϭ t . From ͑14͒, this minimum electric field for electron trapping will be given by
͑31͒
where cos t ϭ͓2r/(R 0 ϩr)͔ 1/2 , and, as in this case, cos t ϭcos n Ӎq ʈ n /(␥ n 2
Ϫ1)
1/2 , then ␥ n Ӎ͓1ϩ(q ʈ n /cos t ) 2 ͔ 1/2 . Application of this criterion indicates that no important particle trapping effects are expected for disruption generated runaway electrons in JET and ITER. Thus, for example, during a disruption in JET and for r/aϭ0.8, from ͑25͒ and ͑31͒ we find that the minimum current required for electron trapping is ϳ8.5 MA, greater than the maximum plasma current obtained in JET (ϳ7MA).
On the other hand, it has been predicted 6 that, if the ripple strength is sufficiently high, neighboring poloidal harmonics should overlap, providing an additional pitch angle scattering mechanism, and improving the efficiency of the runaway-ripple interaction. The threshold condition for the occurrence of this overlapping is 6 ␦B th B 0 Ͼ 0.06
(q is the safety factor͒, with cot n , from cos n Ӎ q ʈ n /q n , given by cot n Ӎ q ʈ n /(q n 2 Ϫq ʈ n 2 )
1/2 . For example, in the case of JET, for nϭ1 (E n Ӎ100 MeV) and qϭ2, we get ␦B th /B 0 Ӎ2ϫ10 Ϫ5 , so that, taking into account the estimates of ␦B n (r) ͓Fig. 13͑a͔͒, overlapping of neighboring ripple resonances should take place for r/aϾ0.3. Nevertheless, since the maximum plasma current in JET is ϳ7 MA, an improvement in the ripple efficiency in limiting the maximum runaway energy with respect to the results shown in Fig. 15 could only be expected for r/aϳ0.3Ϫ0. 4 . During a disruption in ITER, for nϭ2 (E n Ӎ350 MeV) and qϭ2, the threshold amplitude would be ␦B th /B 0 ϳ10 Ϫ4 , larger than the estimated ripple strength for nϭ2 at any radius ͓see Fig. 13͑b͔͒ .
VI. CONCLUSIONS
In this paper, a single particle description of the runaway dynamics, including acceleration in the toroidal electric field, collisions with the plasma particles, deceleration due to synchrotron radiation losses, and a resonance between gyromotion and magnetic field ripple of the tokamak, has been used to investigate some of the main mechanisms limiting the runaway energy in a tokamak plasma.
It has been found that the energy limit observed in the measured bremsstrahlung spectra during the ramp-up phase of JET low density Ohmic discharges can be attributed to the radiation associated to the electron gyromotion; in these discharges, the electric field is low enough so that the collisions of runaways with plasma particles can constitute an efficient mechanism to increase the pitch angle, and thus enhance the synchrotron losses to values finally resulting in the observed runaway energy. The same mechanism can be invoked to explain the measurements of energy and pitch angle for runaway electrons observed in low density Ohmic discharges in TEXTOR, although the results in this case are not conclusive due to the uncertainties in the evaluation of the toroidal electric field.
The effect on the runaway energy of a resonance between the electron gyromotion and the harmonics of the toroidal field ripple has been analyzed. The resonant interaction takes place in momentum space at a ͑normalized͒ parallel momentum q ʈ n ϭeB 0 R 0 /(nN c m e c), giving rise to a strong pitch angle scattering process which, following Ref. 7, has been described by the momentum diffusion coefficient ͑10͒. The equilibrium energy at the resonance is determined by the conditions q ϭ0, q ʈ ϭq ʈ n , and can be obtained from Eqs. ͑14͒ and ͑15͒. An explicit expression for the equilibrium energy, valid under the assumption that the radiation losses at the resonant region are dominated by the electron gyromotion, has been derived. Due to the finite width ⌬q ʈ of the resonance in parallel momentum, the equilibrium energy can deviate from that calculated assuming q ʈ ϭq ʈ n . Finite width resonance effects have been evaluated using again that, in the equilibrium, q ϭ0 ͓Eq. ͑14͔͒ but with the pitch angle n determined by the lower bound of the resonant region ͓Eq. ͑21͔͒. The larger deviations from the equilibrium energy obtained assuming ⌬q ʈ ϭ0 are found when the ripple amplitude ␦B n is high and, in such a case, for high enough values of the toroidal electric field. In most of the practical cases, the assumption ⌬q ʈ ϭ0 constitutes a good approximation to the equilibrium energy.
The conditions under which the ripple mechanism can set a limit on the runaway energy have been investigated. It has been shown that, for a given ripple amplitude ␦B n , there is always a range of electric field values for which the interaction with the nth harmonic of the toroidal field ripple will create an upper bound on the runaway energy. In the first place, there is a minimum electric field ͑the lower electric field D low ) for which the resonant interaction takes place, determined by the condition that the electron experiences the ripple resonance (q ʈ ϭq ʈ n ) before the radiation limit is reached. The dependence on the plasma parameters and the toroidal harmonic number of such an electric field is given by Eq. ͑22͒. Once the previous condition is satisfied, the electron will interact with the resonance, but this does not guarantee that the runaway energy will be efficiently blocked: the equilibrium state at the resonance (q ϭ0) must be reached before the electron crosses the resonant region (q Ͼ0). This leads to an electric field ͑the upper electric field D up ) beyond which the runaway electron will always overcome the resonance. The upper electric field D up increases with the ripple amplitude ͑roughly in a linear way͒ and is a decreasing function of the harmonic number n, indicating that the strongest interactions will take place at high ␦B n and low harmonic numbers. Analytical relations have been given for D up in the limit of low and high ripple amplitudes.
The question of whether the ripple enhanced radiation is sufficient to cause an energy barrier in a tokamak during a disruption has been addressed. A simple constant voltage disruption runaway model has been used to estimate the maximum energy attainable by disruption generated runaway electrons in JET and the planned ITER project. It has been shown that ͑normalized͒ ripple amplitudes in the range of (1Ϫ2)ϫ10
Ϫ4 for JET and (1Ϫ5)ϫ10 Ϫ5 for ITER will be enough to increase the radiation loss to levels sufficient to limit the electron energy during a disruption with a fast current decay. Estimates of the ripple levels in both machines indicate that the most important role in limiting the runaway energy will be played in JET by the nϭ1 resonance (E n Ӎ100 MeV) and by the nϭ2 harmonic in ITER (E n Ӎ350 MeV). It has been found that, at each radial location, there is an interval of pre-disruption plasma current values for which the ripple mechanism will determine the maximum runaway energy. This is related to the fact that, for given plasma conditions and ripple strength, there is a range of electric field values for which the ripple interaction becomes effective. The analysis shows that the effects of the ripple resonance are larger at the edge plasma, due to the increase of the ripple strength with radius from the plasma center. Only at the very edge plasma, the orbital shift limit associated to the outward drift of the runaway orbit when its energy increases, will be the dominant mechanism limiting the runaway energy. Large runaway production rates ͑and therefore large runaway currents͒ are predicted to lead to an improvement in the ripple efficiency as in this case the average electric field during the current decay will be smaller.
The above relations can be simplified taking into account that, if ␦B n is high, the pitch angle scattering is large so that the term in F gy is dominant and Eqs. ͑B7͒ and ͑B8͒ can be rewritten: 
